In early postnatal development, during the period of synapse formation, -aminobutyric acid (GABA) and glycine, the main inhibitory transmitters in the adult brain, paradoxically excite and depolarize neuronal membranes by an outward £ux of chloride. The mechanisms of chloride homeostasis are not fully understood. It is known that in adult neurons intracellular chloride accumulation is prevented by a particular type of chloride channel, the ClC-2. This channel strongly recti¢es in the inward direction at potentials negative to E Cl thus ensuring chloride e¥ux. We have tested the hypothesis that in the developing hippocampus, a di¡erential expression or regulation of ClC-2 channels may contribute to the depolarizing action of GABA and glycine. We have cloned a truncated form of ClC-2 (ClC-2nh) from the neonatal hippocampus which lacks the 157 bp corresponding to exon 2. In situ hybridization experiments show that ClC-2nh is the predominant form of ClC-2 mRNA in the neonatal brain. ClC-2nh mRNA is unable to encode a full-length protein due to a frameshift, consequently it does not induce any currents upon injection into Xenopus oocytes. Low expression of the full-length ClC-2 channel, could alter chloride homeostasis, lead to accumulation of [Cl 7 ] i and thereby contribute to the depolarizing action of GABA and glycine during early development.
INTRODUCTION
In the adult brain g-aminobutyric acid (GABA) and glycine are the main inhibitory neurotransmitters: they inhibit neuronal ¢ring by activating a chloride conductance which dampens cell excitability. In contrast, in early postnatal life, during the period of synapse formation these amino acids depolarize and excite neuronal membranes by a reverse chloride gradient Ito & Cherubini 1991; Wu et al. 1992; Reichling et al. 1994; Kaneda et al. 1996; Owens et al. 1996) . In particular, in the hippocampus, GABA, through the activation of GABA A receptors triggers spontaneous giant depolarizing potentials (Ben Ari et al. 1989) . These large depolarizations give rise to fast action potentials. These are synchronous over the entire hippocampus and are associated with spontaneous calcium transients. These highly correlated calcium signals are thought to be essential for consolidation of synaptic connections and development of the adult neuronal network (Goodman & Shatz 1993) .
The mechanisms underlying chloride homeostasis are not fully understood. It has been hypothesized that GABA-and glycine-induced depolarization depend on the delayed maturation of a cation-chloride cotransporter which in adult neurons contributes to maintain intracellular chloride concentration [Cl 7 ] i below equilibrium (Misgeld et al. 1986) or to an inwardly directed bicarbonate ion (HCO 3 À ) current which would lead to membrane depolarization even in the presence of an outwardly directed chloride current . In this case, the reversal potential for GABA-induced current would shift from chloride equilibrium potential (E Cl ) towards the more positive bicarbonate equilibrium potential (E HCO3 À ) (Kaila et al. 1993) . It has been also proposed that GABA A -mediated depolarizing responses depend on the di¡erential expression or regulation of a particular type of chloride channel with properties similar to those of the ubiquitous distributed ClC-2 (Staley 1994 ). This ClC-2 channel, originally cloned from rat heart and brain , belongs to a large gene family including at least nine di¡erent mammalian species (Jentsch 1996; Jentsch & GÏnther 1997) . It is widely expressed in nonneuronal and in neuronal tissue and is activated by cell swelling, acidic extracellular pH and hyperpolarization (Jordt & Jentsch 1997) . At negative potentials it strongly recti¢es in the inward direction leading to chloride e¥ux. This would prevent intracellular chloride accumulation during inhibitory transmission and would help to maintain a low intracellular chloride concentration (Staley 1994; Staley et al. 1996; Jentsch 1996) . Hence, in the adult hippocampus, ClC-2 mRNA appears to be di¡erentially distributed according to the functional role that GABA A receptors exert in di¡erent hippocampal areas (Smith et al. 1995) .
Here we describe a novel form of ClC-2 channel, ClC2nh, which is expressed in the neonatal brain. As a result of alternative splicing it is truncated at the amino terminus. In situ hybridization experiments show that mRNA encoding for the ClC-2nh is highly expressed in the neonatal brain in comparison with the full-length ClC-2, which is poorly expressed or absent. However, when expressed in Xenopus oocytes, this protein does not contribute to the chloride permeability. The predominance of non-functional ClC-2nh in the neonatal brain could therefore give rise to high intracellular chloride concentration. This in turn could explain the paradoxical depolarizing and excitatory e¡ects of GABA and glycine during development.
METHODS
(a) Construction of a cDNA library from the neonatal rat hippocampus
The unidirectional cDNA library (primary diversity 2.6 Â10 6 ) was constructed using the ZAP Express TM cDNA Synthesis and Gigapack R II Gold Cloning Kits (Stratagene, San Diego, CA, USA), starting from 4 mg of poly-A selected RNA isolated from 0.4 g of neonatal hippocampal tissue, using FastTrack R 2.0 mRNA Extraction Kit (Invitrogene, San Diego, CA, USA).
(b) PCR ampli¢cation of ClC-2 cDNA fragments from excised neonatal hippocampal cDNA library
The PCR ampli¢cation was carried out on 10 ml of mass in vivo excised cDNA library (Stratagene methods) from the neonatal hippocampus (ca. 2.5 Â107 clones), using ClC-2 speci¢c primers, covering the 5 H coding region of the ClC-2 gene: a forward primer GGAGGGATGGAGCCTCGAG (39^58) and reverse primer CCCTGGACACTAGGAACTTGT (277^257), corresponding to the published ClC-2 sequence . PCR ampli¢cations were performed on a programmable cycler machine using Taq polymerase (Promega, Madison, WI, USA), and the following cycles: 94 8C for 5 min followed by 30 cycles at 94 8C for 1min; 50 8C for 1min; 72 8C for 30 s in standard reaction conditions.
(c) Cloning of the truncated form of the ClC-2 cDNA 2.6 Â10 6 plaque forming units (p.f.u.) from the neonatal rat hippocampal cDNA library were screened with the 1.8 kb ClC-2 cDNA probe (407^2209 bp; Thiemann et al. 1992), under standard conditions (Sambrook et al. 1989) . Eighty primary positive clones were obtained. PCR using T3 and T7 primers and Southern hybridization with ClC-2 probe was carried out to visualize the length of the cDNA insert in positive clones. Fulllength clones (3.3 kb and 3 kb) were submitted to secondary screening, excision and partial sequencing, using standard T3 and T7 primers on the LICOR automatic sequencer. The ClC2nh insert was cut from pBK-CMV plasmid using Not1 and Bsu36I restriction enzymes and subcloned into the pTLN vector.
(d) Non-radioactive in situ hybridization, using digoxigenin-labelled RNA probes
The rats were anaesthetized with 10.5% bu¡ered (in 0.9% NaCl) chloral hydrate (0.3 ml 100 g 71 of rat) and perfused with bu¡ered 4% paraformaldehyde (PFA, 1ml g 71 of rat). The dissected brains were ¢xed for at least 1^2 h in 4% PFA at 4 8C and then, before sectioning, cryoprotected in bu¡ered 4% PFA with 15% sucrose at 4 8C for at least 12 h. Thirty-micrometer sections were cut with the slicing microtome, frozen at 720 8C and the cut slices were immediately immersed in bu¡ered 4% PFA and stored at 4 8C until used in in situ hybridization experiments.
Digoxigenin-labelled antisense-or sense-strand-speci¢c riboprobes were transcribed from bacterial plasmids (pBtKS or pBK-CMV) linearized with an appropriate restriction enzyme to allow transcription of the cloned insert by either T3 or T7 DNA-dependent RNA polymerase in the presence of a labelling mixture containing digoxigenin-UTP (Boehringer^Mannheim). RNA probes longer than 300 bp were alkaline hydrolysed. After permeabilization of the cell membranes, the brain sections were prehybridized for a few hours at 55 8C under standard conditions. The hybridizations were performed at a ¢nal probe concentration of 100 ng m 71 in hybridization solution (prehybridization solution + 1% dextran sulphate), at 60^65 8C for 12 h followed by washing twice for 30 min each in 2 Â SSCT (standard saline solution + 0.1% Tween 20)/ 50% formamide at 55 8C, 20 min in 1 ÂSSCT at 55 8C and a ¢nal wash at 60^65 8C in 0.1^0.2 Â SSCT, two times for 30 min.
Immunodetection of digoxigenin was performed according to the instructions in the DIG DNA Labeling and Detection Kit non-radioactive (Boehringer^Mannheim), using alkaline phosphatase-conjugated antibodies and colorimetric development of staining. A blue^black precipitate forms in positively stained cells. The development times were 2 h for the antisense probes (which recognize the mRNA) and 12 h for the sense probes (which act as controls) to see if any signal developed with longer exposures. No signal was seen with sense probes even after this prolonged exposure time. Representative sections were photographed with a microscope equipped with Zeiss (Germany) optics and automated ¢lm exposure using Kodak ¢lms.
(e) Functional expression in Xenopus oocytes
Manually defolliculated Xenopus oocytes were injected with portions of 2^10 ng of capped cRNA (corresponding to 40^200 ng m 71 ). Oocytes were kept at 16 8C in modi¢ed Barth's solution (88 mM NaCl, 2.4 mM NaHCO 3 , 1mM KCl, 0.41mM CaCl 2 , 0.33 mM Ca(NO 3 ) 2 , 0.82 mM MgSO 4 , 10 mM HEPES, pH 7.6) for three days and analysed in ND96 saline (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl 2 , 1mM MgCl 2 , 5 mM HEPES, pH 7.4). Standard two-electrode voltage clamp measurements were performed at room temperature (about 20^22 8C), using a Turbotec ampli¢er (Npi Instruments) and pCLAMP 5.5 software (Axon Instruments).
(f) In vitro translation
The ClC-2nh construct was translated using rabbit TNT SP6 Coupled Reticulocyte Lysate System (Promega) in the presence of canine pancreatic microsomes (Promega) and in the presence of [
35 S] methionine, starting from 0.5 mg of plasmid DNA. For SDS/PAGE, 2^5 ml of translation mixture was diluted in 5^10 ml of sample bu¡er and separated on 10% gels. After drying, gels were exposed to Kodak BioMax MS-1 ¢lms for 6^24 h.
RESULTS
To test for di¡erential expression or regulation of the ClC-2 chloride channel (Staley 1994) in the developing hippocampus, the amino terminal domain of ClC-2 (used as an in situ probe by Smith et al. (1995) ) was ampli¢ed from a neonatal rat hippocampal cDNA library constructed in the laboratory. This yielded two di¡erent PCR fragments: one of 239 bp, identical to that expected, and another of 82 bp (¢gure 1a), suggesting the existence of an additional form of the ClC-2 gene. A ClC-2 cDNA probe isolated from rat heart and brain ) was used to clone this novel form of the ClC-2 chloride channel from a neonatal hippocampal cDNA H -nucleotide and deduced amino-acid sequence of the rat ClC-2nh clone aligned to the ClC-2. The DNA sequence and the alignment of its deduced amino-acid sequence of rat ClC-2nh is shown compared to the rat ClC-2 sequence. The dashes indicate the part of the nucleotide ClC-2 sequence (exon 2) which is missing in ClC-2nh. The rest of the nucleotide sequence is identical in the two forms. The initial amino-acid sequence, shown in bold, is identical in the two forms. There is a frameshift in the amino-acid sequence of the ClC-2nh after deletion of 157 bp which leads to a STOP codon. library. Figure 1b shows the nucleotide sequence of the truncated form of the ClC-2 channel cloned from the developing hippocampus. The sequence was identical to that already described for ClC-2 (Thiemann et al. 1992), with the exception of a deletion of 157 bp at the 5 H -end. Three independent clones, with di¡erent 5 H -ends, containing this sequence were isolated, indicating that this is unlikely to be a cloning artefact. The deleted 157 bp correspond exactly to exon 2 of the ClC-2 gene as described by Chu & Zeitlin (1997) . The part of ClC-2 deleted in this form (amino acids (aa) 2^79) overlaps that identi¢ed as being important for channel activation by both voltage and cell swelling (aa 16^61). Most deletion mutants in this latter region (with sizes ranging from ¢ve to 45 amino acids) cause similar phenotypes in which there is a constitutive activation of the channel with a complete loss of swelling and voltage-sensitivity . When transplanted to the carboxy terminus of the protein, this domain (aa 1661) retained its e¡ect on gating, indirectly suggesting a`ball-and-chain' type of gating mechanism . However, the deletion of 157 bp observed results in a frameshift, and consequently would not be expected to give rise to a fulllength protein.
The distribution of the truncated ClC-2nh mRNA was examined in adult and neonatal rat brain sections using either the full-length ClC-2 probe or a 239 bp (392 77 bp) probe, covering the 5 H -region, predominantly absent in the truncated form of the gene. As the fulllength ClC-2 probe was able to recognize both the truncated and the non-truncated form of the ClC-2 channel mRNA, di¡erences between the signals obtained with these two probes were considered to be due to the expression of the truncated form. In the adult, both probes gave identical high signals in the cortex, mostly in layer V, in the hippocampus and in the Purkinje cells of the cerebellum (¢gure 2b). By contrast, striking di¡er-ences were observed in the neonatal brain (¢gure 2a). In neonates, the 239 bp probe gave very low signals in the CA3 region of the hippocampus and layer V of the cortex, whereas the full-length ClC-2 probes gave strong signals in the CA1 and CA3 regions of the hippocampus, in the Purkinje cells of the cerebellum and in layer V of the cortex. Detectable signals were also present in the hippocampal dentate gyrus. These results provide evidence that the novel truncated form of the ClC-2 mRNA is that prevalently expressed in the neonatal rat brain.
This result was surprising in view of the fact that the removal of 157 bp should render the protein non-functional due to a frameshift. To con¢rm that the protein was nonfunctional, two-electrode voltage clamp recordings were performed from Xenopus oocytes previously injected with ClC-2nh cRNA. No currents were detected in response to hyperpolarizing or depolarizing voltage steps, while fulllength ClC-2 gave rise to the expected time-dependent, strongly rectifying chloride current in response to hyperpolarizing voltage pulses (data not shown). Furthermore, in vitro translation of ClC-2nh mRNA did not show the 80 kDa full-length ClC-2 (¢gure 3).
DISCUSSION
Our results show that the predominantly expressed form of ClC-2 mRNA in the neonatal brain is nonfunctional due to the removal of exon 2. This may have a trivial explanation, since there is a great deal of aberrant splicing in the neonatal brain (Ohno et al. 1994; Gegelashvili & Schousboe 1997; Daniels et al. 1998; Jin et al. 1998) while high protein turnover is higher. In fact, we have recently cloned two forms of the g2 subunit of the GABA A receptor which are also non-functional due to the removal of exon 2 or exons 2 and 3 (F. Didelon, M. Mladinic¨, E. Cherubini and A. Bradbury, unpublished results) . An alternative explanation is that the removal of exon 2 in ClC-2nh mRNA provides a way of preventing the formation of the adult form of the channel protein in the neonatal brain.
It has been recently shown that in pyramidal neurons of the rat hippocampus, the ontogenetic change of GABA A -mediated responses from depolarizing to hyperpolarizing is coupled to the developmental induction of a neuronal chloride extruding K +^C l 7 co-transporter, KCC2 (Rivera et al. 1999) . This chloride extrusion system would ful¢l the`gradient-priming' role necessary to maintain a low intracellular chloride concentration to allow chloride in£ux via ligand-gated chloride channels (Payne 1997) . Passive conductance systems such as the CLC-2 chloride channels would then assist in chloride homeostasis. In this context, the absence or low expression of functional ClC-2 chloride channels in early postnatal development would contribute to maintaining the intracellular chloride concentration above equilibrium. Hence, when GABA A and glycine receptors are activated, chloride £ux would be outwardly directed allowing neurons to depolarize towards the threshold for action potential generation, thus contributing to the depolarizing action of these amino acids during postnatal development. 
